Widely used as insulators, capacitors, and transducers in daily life, soft dielectrics based on polymers and polymeric gels play important roles in modern electrified society. Owning to their mechanical compliance, soft dielectrics subject to voltages frequently undergo large deformation and mechanical instabilities. The deformation and instabilities can lead to detrimental failures in some applications of soft dielectrics such as polymer capacitors and insulating gels but can also be rationally harnessed to enable novel functions such as artificial muscle, dynamic surface patterning, and energy harvesting. According to mechanical constraints on soft dielectrics, we classify their deformation and instabilities into three generic modes: (i) thinning and pull-in, (ii) electro-creasing to cratering, and (iii) electro-cavitation. We then provide a systematic understanding of different modes of deformation and instabilities of soft dielectrics by integrating state-of-the-art experimental methods and observations, theoretical models, and applications. Based on the understanding, a systematic set of strategies to prevent or harness the deformation and instabilities of soft dielectrics for diverse applications are discussed. The review is concluded with perspectives on future directions of research in this rapidly evolving field. V C 2014 AIP Publishing LLC. [http://dx
Subjected to voltages, all dielectrics deform. The attainable deformation induced by voltages, however, varies markedly from one type of dielectric to another. Electrostrictive and piezoelectric crystals and ceramics, with moduli of a few gigapascal, can attain strains typically less than 1%. [1] [2] [3] The maximum strain of glassy and semicrystalline polymers under voltages is about 10%, as their moduli range from megapascal to gigapascal 4, 5 (Fig. 1 ). These crystals, ceramics, and polymers have been commonly categorized as mechanically stiff dielectrics or, in short, stiff or hard dielectrics. [6] [7] [8] The attainable deformation of hard dielectrics under voltages is generally limited by electrical breakdown or fracture of the dielectrics. That is, before a hard dielectric can deform substantially, the applied voltage mobilizes charged species in the dielectric to produce a path of electrical conduction or drive the initiation and propagation of cracks, leading to failure of the dielectric. 9, 10 When glassy and semicrystalline polymers are heated above their glass transition temperatures [11] [12] [13] [14] [15] or significantly plasticized by plasticizers, 16 their moduli can be reduced below megapascal. The attainable strains of heated or plasticized polymers under voltages can be enhanced over 10%. With moduli further reduced to a few kilopascal, elastomers and elastomeric gels can be readily deformed over 100% by applied voltages 6, 8, [17] [18] [19] (Fig. 1) . These heated or plasticized polymers, elastomers, and elastomeric gels have been categorized as mechanically compliant dielectrics or, in short, compliant or soft dielectrics. [6] [7] [8] A distinct feature of soft dielectrics is that they can undergo large deformation and mechanical instabilities subject to voltages before failure.
Recent decades have witnessed unprecedented developments of soft dielectrics in diverse areas and applications. For example, insulating cables and polymer-film capacitors have been made to be more flexible and able to sustain higher voltage and temperature, which requires more compliant and reliable dielectric polymers ( Fig. 2(a) ). Dielectric gels have been developed to conformally cure around electrical components with complicated geometries for sealing and insulation ( Fig. 2(b) ). In addition to applications as insulators and capacitors, it has been discovered that applied voltages can actuate dielectric elastomers to strain over 100% 17, 20 ( Fig. 2(c) ). Various types of actuators, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] sensors, [34] [35] [36] and energy harvesters [37] [38] [39] [40] [41] [42] [43] [44] [45] based on dielectric elastomers have been developed and explored for applications that cannot be fulfilled by traditional transducers. For example, since the actuation strains and stresses of dielectric elastomers can approximate or even exceed those of natural muscles, dielectric elastomers have been regarded as one of the most promising candidates for artificial muscles 8, 46 ( Fig. 2(c) ). As another example, Fig. 2(d) illustrates an energy harvester based on a dielectric elastomer that converts mechanical energy from ocean waves into electrical energy. 39 
B. Large deformation and instabilities of soft dielectrics
At the heart of current research on soft dielectrics is the need to understand and control their large deformation and instabilities under voltages. 47 For soft dielectrics used as insulators and capacitors, it is commonly desirable to restrain their deformation and prevent instabilities in order to enhance reliability and electrical energy densities of the dielectrics. 9, 48, 49 Conversely, soft-dielectric transducers generally need to be able to achieve large deformation in applications such as artificial muscles and energy harvesters. In addition, while instabilities of soft dielectrics under voltages sometimes lead to failures of the dielectrics, it has been recently discovered that the same instabilities, if rationally controlled, can even give transformative applications and novel functions such as achieving giant actuation strains, 7, 50 dynamic surface patterning, 51 and active control of biofouling. 52 Therefore, it is of scientific and technological importance to fundamentally understand and judiciously control large deformation and instabilities of soft dielectrics under various working conditions. Deformation and instabilities of soft dielectrics involve electromechanical coupling and material and geometrical nonlinearity-a combination of challenging topics in physics and materials science. While existing literatures in the field are generally focused on specific types of soft dielectrics under specific working conditions such as dielectricelastomer transducers 8, 22, 27, 47, [53] [54] [55] [56] or insulating cables, 57 a systematic discussion on large deformation and instabilities in various types of soft dielectrics under various working conditions will greatly facilitate the progress of the field, but is still not available.
The current review is targeted at illustrating the fundamental principles that underlie deformation and instabilities FIG. 1. Classification of dielectrics based on their moduli and actuation strains. The maximum actuation strains of hard dielectrics under voltages are typically less than 10%, while soft dielectrics can achieve actuation strains over 10%. of soft dielectrics by integrating state-of-the-art progress in theory, experiments, and applications of this field. We will first summarize the governing equations for electromechanics of deformable dielectrics. Since soft dielectrics mostly appear in the form of films in applications, we will then focus on the deformation and instabilities of soft-dielectric films, which are generally under three types of mechanical constraints: (i) no constraint, (ii) constraint on one surface, and (iii) constraints on both surfaces. According to the mechanical constraints, we will further classify the deformation and instabilities of softdielectric films into three generic modes: (i) thinning and pullin, (ii) electro-creasing to cratering, and (iii) electrocavitation. Thereafter, we will systematically discuss the strategies to prevent or harness large deformation and instabilities in soft dielectrics and the corresponding applications. The last part of the paper will provide perspectives on future research directions as well as opportunities and challenges in the field.
II. ELECTROMECHANICS OF DEFORMABLE DIELECTRICS
Deformation and instabilities of soft dielectrics under voltages follow the fundamental principles of electromechanics. [58] [59] [60] In this section, we will first summarize the physical quantities that characterize soft dielectrics, and the governing equations for their equilibrium and stability conditions. Thereafter, we will discuss constitutive laws for soft dielectrics, especially focusing on the widely used ideal-dielectric model. As soft dielectrics generally undergo large deformation from the reference (undeformed) to current (deformed) configurations, the same physical quantities and governing equations can be expressed in different forms based on the choice of configurations. [61] [62] [63] [64] Since different problems of soft dielectrics are more convenient to be solved in different configurations, we will discuss the electromechanics of deformable dielectrics in both reference and current configurations.
A. Kinematics and equilibrium conditions
Consider a dielectric in the reference configuration ( Fig.  3(a) ). We use the coordinate vector X of each material particle in the reference configuration to name the material particle. Subjected to electromechanical loads, the dielectric deforms into the current configuration. In the current configuration ( 3(a)), a material particle X occupies a place with coordinate vector x. The deformation gradient tensor is defined by
where Grad is the gradient operator with respect to X. We further denote dV and dv as the volume of a material element in the reference and current configurations, respectively. The change in volume due to deformation follows dv ¼ JdV, where J ¼ det F. For details of the kinematics of solids, one can refer to, for example, Ogden, 65 Holzapfel, 66 and Gurtin et al.
67
A material particle X in the dielectric has an electrical potential U. The nominal electric field vector is defined, based on the reference configuration, as
Correspondingly, the true electric field vector is defined, based on the current configuration, as
where grad is the gradient operator with respect to x. The nominal and true electric fields are related via E ¼ F ÀTẼ . At equilibrium, the Gauss's law and electrical boundary conditions in the reference configuration (i.e., in the Lagrangian form) can be expressed as DivD ¼q;
in the body of the dielectric, and
on the surface of the dielectric. In Eq. (4a), Div is the divergence operator with respect to X,D is the nominal electric displacement vector defined in the reference configuration, andq is the free charge in a material element divided by the volume of the material element in the reference configuration. In Eq. (4b),x is the free charge on a surface element divided by the area of the element in the reference configuration, N is the unit normal to the surface element in the reference configuration, and the square bracket • ½ indicates a discontinuity across the surface.
Equivalently, the Gauss's law and electrical boundary conditions in the current configuration (i.e., in the Eulerian form) give divD ¼ q;
on the surface of the dielectric. In Eq. (5a), div is the divergence operator with respect to x, D is the true electric displacement vector defined in the reference configuration, and q is the free charge in a material element divided by the volume of the material element in the current configuration ( Fig. 3(a) ). In Eq. (5b), x is the free charge on a surface element divided by the area of the element in the current configuration, and n is the unit normal to the surface element in the current configuration ( Fig. 3(a) ). In addition, the physical quantities defined in the reference and current configurations in Eqs. (4) and (5) are related via D ¼ FD=J, q ¼q=J, and x ¼x FN ð ÞÁ n=J, respectively. The mechanical equilibrium conditions and boundary conditions in the reference configuration (i.e., in the Lagrangian form) have
on the surface of the dielectric. In Eq. (6a), s is the nominal stress tensor defined in the reference configuration, andb is the nominal body force vector defined as the force (such as gravity) applied on a material element divided by the volume of the element in the reference configuration. It should be noted that the effect of electric field has been accounted for in the stress tensor and, therefore, does not appear in the body force. [61] [62] [63] In Eq. (6b),t is the nominal traction vector defined as the force applied on a surface element divided by the area of the element in the reference configuration.
Equivalently, the mechanical equilibrium conditions and boundary conditions in the current configuration (i.e., in the Eulerian form) can be expressed as
on the surface of the dielectric. In Eq. (7a), r is the true stress tensor defined in the current configuration, and b is the true body force vector defined as the force applied on a material element divided by the volume of the element in the current configuration ( Fig. 3(a) ). In Eq. (7b), t is the true traction vector defined as the force applied on a surface element divided by the area of the element in the current configuration ( Fig. 3(a) ). In addition, the physical quantities defined in the reference and current configurations in Eqs. (6) and (7) are related via r ¼ sF T =J, b ¼b=J, and t ¼t FN ð ÞÁ n ½ =J. The physical quantities and governing equations for kinematics and equilibrium conditions of deformable dielectrics have been summarized in Tables I and II, respectively.
B. Constitutive law
According to the definition of nominal stress and deformation gradient, associated with a small change of the deformation gradient dF, the nominal stress does work sdF; therefore, the nominal stress s is work conjugate to the deformation gradient F. [60] [61] [62] 67 Similarly, according to the definition of nominal electric field and nominal electric displacement, associated with a small change of the nominal electric displacement dD, the nominal electric field does workẼdD; therefore, the nominal electric fieldẼ is work conjugate to the nominal electric displacementD. [60] [61] [62] 67 It should be noted that the commonly used true electric field E and true electric displacement D are actually not work conjugate to each other, when the deformation of dielectrics is large. 63 Adopting the common practice in electromechanics, we will discuss the constitutive laws of soft dielectrics in the reference configuration based on the work-conjugate pairs. Let us define the nominal Helmholtz free energy densityW as the Helmholtz free energy of a material element divided by the volume of the element in the reference configuration. Correspondingly, we have the true Helmholtz free energy density W ¼W =J. It is further assumed that the nominal Helmholtz free energy density is a function of the deformation gradient and the nominal electric displacement, i.e.,W F;D À Á . 
Therefore, the nominal Helmholtz free energy density, the nominal stress, the deformation gradient, the nominal electric field, and the nominal electric displacement are related via [61] [62] [63] 
From Eq. (8), it can be seen that the form ofW F;D À Á of a deformable dielectric determines its constitutive law.
Ideal dielectric model
Since soft dielectrics are mostly constituted of flexible polymer chains with polarizable groups, it is commonly assumed that the electrical polarization of soft dielectrics is liquid-like, independent of their deformation. 68 Further neglecting polarization saturation, we can express the true Helmholtz free energy density of soft dielectrics due to polarization as W E ¼ 1 2e jDj 2 , where e is the dielectric constant of the dielectric. A combination of the assumptions of liquid-like polarization and no polarization saturation leads to the ideal dielectric model,
or, by converting D intoD,
where the termW M F ð Þ represents the nominal Helmholtz free energy density due to mechanical deformation of the dielectric. By substituting Eq. (9) into Eq. (8), we reach
Converting the nominal quantities in Eq. (10) into true quantities, we have
where I represents the identity tensor. Further substituting Eq. (11b) into Eq. (11a), we obtain
where 1 e E E À 1 2e jEj 2 I is the well-known Maxwell stress tensor in dielectrics. [58] [59] [60] It can be seen that the Maxwell stress tensor is a consequence of the ideal dielectric model. 68 
Incompressible neo-Hookean model
Since the bulk moduli of elastomers and gels are generally much higher than their shear moduli, soft dielectrics are commonly regarded to be incompressible. A widely used constitutive law for the mechanical properties of soft dielectrics is the incompressible neo-Hookean model,
where l is the initial shear modulus of the dielectric and p is a Lagrangian multiplier that imposes the incompressibility condition. Substituting Eq. (13) into Eqs. (10a) and (11a) gives
and r ¼ lFF
From Eq. (15), it can be seen that the Lagrangian multiplier p represents the hydrostatic pressure in the dielectric, which is to be determined by boundary conditions.
C. Stability against linear perturbation
The constitutive law, Eq. (8), can be further expressed in the incremental form as [68] [69] [70] ds dẼ
where H is the Hessian matrix,
and ds,dẼ, dF, and dD represent small increments of nominal stress, nominal electric field, deformation gradient, and nominal electric displacement, respectively. The nominal stress and nominal electric field can be regarded as the generalized loads, and the deformation gradient and nominal electric displacement as the response of the dielectric to the loads. Thermodynamics dictates that the stability of the dielectric against small increments of the loads (i.e., linear perturbation) requires the Hessian matrix H to be positive definite. Therefore, a soft dielectric becomes unstable against linear perturbation when
It should be noted that, in some cases, one equilibrium state of a soft dielectric may be stable against linear perturbation, but it can become unstable under finite fluctuation. 71, 72 We will discuss various modes of instabilities in Sec. IV of the paper.
III. SOFT-DIELECTRIC FILMS
Soft dielectrics are mostly used in the form of thin films. The two surfaces of soft-dielectric films are usually coated with electrodes on which electrical voltages are applied. In rare cases, the voltage can also be induced by depositing charges of different signs on surfaces of a dielectric film. [73] [74] [75] Since the lateral dimensions of a film are much larger than its thickness, the electric field can be regarded as homogeneous through the thickness of the film in regions far away from electrode edges. Therefore, the nominal electric field in a dielectric film can be expressed as
whereẼ i is the nominal electric field in the ith direction, U is the applied voltage, and H is the thickness of the film in the reference configuration ( Fig. 3(b) ). In addition, soft dielectric films frequently undergo homogeneous deformation without rotation, which gives the deformation gradient
where k i is the principle stretch in the ith direction, and
Further taking the soft dielectric to be an ideal dielectric, we can express the nominal Helmholtz free energy density as based on Eq. (9),
and the constitutive law as
where s i is the normal nominal stress in the ith direction, and D i is the nominal electric displacement in the ith direction. Here, the shear components of the nominal stress are 0, and
According to the electrical boundary condition Eq. (4b), we haveD 3 ¼ Q=A, where Q is the charge on either electrode and A the area of the electrode in the reference configuration. Therefore, from Eqs. (18) and (21d), the capacitance of an ideal soft dielectric capacitor can be calculated as
It can be seen that the capacitance is significantly dependent on the deformation of the soft dielectric. Such property has been used to design sensors based on dielectric elastomers capable of large deformation. [34] [35] [36] Further converting the nominal quantities in Eq. (21) into true quantities, we have
where r i is the normal true stress in the ith direction, and E i and D i are the true electric field and true electric displacement in the ith direction. It is evident that the shear components of the true stress are 0, and
If the ideal soft dielectric film further follows the incompressible neo-Hookean model, i.e.,W M ¼ lðk (23)- (25), due to the incompressibility condition. The constitutive relations of soft dielectrics that follow the ideal dielectric law have been summarized in Table III. In addition, from Eq. (16), the Hessian matrix for softdielectric films can be expressed as 
As discussed in Sec. II C, when det H of Eq. (26) reaches zero, the soft-dielectric film will become unstable against linear perturbation. In addition, the governing equations for the equilibrium and stability of soft-dielectric films may be simplified, dependent on the symmetry in deformation of soft-dielectric films.
IV. THREE GENERIC MODES OF DEFORMATION AND INSTABILITIES
The electrodes on soft dielectric films can be either compliant or rigid. Conductive greases 6, 17 and powders, 77,78 thin conductive films, 79 wrinkled or crumpled conductive films, 20, 77 meshes of carbon nanotubes [80] [81] [82] [83] and metallic nanowires, [84] [85] [86] liquid metal, 14, 87 conductive solutions, 49, 71, 77 and conductive gels 88, 89 are examples of compliant electrodes, which do not constrain deformation of soft dielectrics. Rigid electrodes typically include conductive (e.g., metals or conductive epoxy) thick slabs or wires, which constrain deformation of the soft dielectrics' surfaces bonded on them. Therefore, according to the type of electrode coated on each surface of a soft dielectric film, three generic types of mechanical boundary conditions can be classified: no mechanical constraint on either surface (Fig. 4(a) ), mechanical constraint on only one surface (Fig.  4(b) ), and mechanical constraint on both surfaces (Fig. 4(c) ). Consequently, we will discuss three generic modes of deformation and instabilities of soft dielectrics based on the mechanical constraints (Fig. 4) .
A. Mode I: Thinning and pull-in instability
The deformation of soft dielectric films coated with compliant electrodes on both surfaces is unconstrained by the electrodes. This configuration has been adopted in most dielectric-elastomer transducers 19 (e.g., actuators, sensors, and energy harvesters) and some polymer capacitors. 11, 12, 90 When a voltage is applied on an unconstrained softdielectric film, its thickness becomes thinner and area becomes larger, undergoing a thinning process (e.g., Fig.  5(a) ). As the film thins down, the same applied voltage can induce a higher true electric field, resulting in a higher Maxwell stress that further deforms the film [see Eq. (25)]. 
At a critical point, the positive feedback may cause the elastomer to thin down abruptly, resulting in the pull-in instability. 11, 69 For example, Fig. 5(b) illustrates that a dielectricelastomer film, when subjected to the pull-in instability, thins down drastically and becomes wrinkled, due to constraints from surrounding regions. 91 Shortly after the pull-in instability, the dielectric elastomer film breaks down. 91 
Experimental method
The thinning and pull-in instability of soft dielectrics was first proposed by Stark and Garton. 11 Assuming soft dielectric to be a linear elastic material, they derived that the critical electric field for pull-in instability scales with square root of the modulus of the dielectric. To validate the model, they measured the breakdown nominal electric fields of irradiated polythene films with different moduli by varying temperature and observed that the breakdown nominal electric field indeed increases monotonically with the modulus of polythene.
Following the pioneer work by Stark and Garton, 11 a number of experiments have been carried out to investigate the relations between breakdown fields of polymers and their mechanical properties. 12, [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] Despite the significant amount of data, these experiments only validated the pull-in instability indirectly, because electrical breakdown instead of the instability of polymers was observed. Recent development of dielectric-elastomer transducers escalates the interests in understanding pull-in instability as a major failure mode of the transducers, further calling for direct observation of pull-in instability. Using a viscoelastic elastomer-VHB, Plante and Dubowsky 91 and Keplinger et al.
104
directly observed drastic thinning of the elastomer film under critical electric fields, right before electrical breakdown (e.g., Fig. 5(b) ). Wrinkling of the soft-dielectric films were also commonly observed during thinning and/or pull-in instability.
91,104,105
Theoretical analysis
Theoretical models for unconstrained soft-dielectric films are based on the electromechanics of deformable dielectrics discussed in Secs. II and III. Since soft dielectrics are commonly incompressible and the deformation in two in- plane directions without applied forces are symmetric, we have
. Further assuming the soft dielectric follows the neo-Hookean ideal dielectric model, we have the nominal Helmholtz free energy of the dielectric as
From Eq. (8), we can calculate the nominal stress and nominal electric field,
Further considering no force is applied on the surface of the dielectric film, i.e., s 3 ¼ 0, we can obtain the relation between the applied voltage and the deformation
which has been plotted on Fig. 5(c) . Note that the same relation can be obtained by substituting
into Eq. (23) 
By setting det H ¼ 0, we obtain that the critical point for the pull-in instability is at k 3c % 0:63 andẼ 3c % 0:69 ffiffiffiffiffiffiffi l=e p , which gives E 3c % 1:1 ffiffiffiffiffiffiffi l=e p . Note that the critical point is also corresponding to the peak on the curve ofẼ 3 vs. k 3 from Eq. (29) (Fig. 5(c) ).
In addition to the neo-Hookean model, the pull-in instability in soft dielectrics has been analyzed with various other constitutive models. 11, [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] For example, it has been found that the critical point for pull-in instability in linear-elastic ideal dielectric is similar to that of neo-Hookean ideal dielectric. 11 On the other hand, the critical point for pull-in instability in semicrystalline or glassy polymers, characterized by elasto-plastic models, can be distinctly different from that of neo-Hookean ideal dielectrics. 12, 13 Furthermore, from the above analysis, it is evident that a neo-Hookean soft-dielectric film can only expand its area by $37% under voltage before the pull-in instability (i.e., k 3c % 0:63). The limited deformation seems to be contradictory with the observation that dielectric-elastomer actuators can readily achieve area actuation strain over 100%. In fact, over a few decades, the pull-in instability indeed restrained the actuation strains of soft dielectrics below 40%. 6 Now, it is understood that the actuation strain can be greatly enhanced by preventing or harnessing the pull-in instability, which will be discuss in Secs. V and VI of the paper, respectively.
B. Mode II: Electro-creasing to cratering instabilities
In many cases, only one surface of a soft-dielectric film is mechanically constrained (e.g., Fig. 6(a) ). Examples include insulating polymers or polymer capacitors with thick rigid electrode on one surface but thin conductive film or infiltrated water on the other surface. In addition, this configuration of soft dielectrics enables a recently developed technology, dynamic electro-lithography, which is capable of dynamically generating topographical patterns over largearea curved surfaces with voltages. 51 Since the thick rigid electrode constrains lateral expansion of dielectric film, the dielectric cannot homogeneously thin down as in the unconstrained case (e.g., Fig. 5(a) ). Instead, as the applied voltage increases, the dielectric film maintains its initially undeformed configuration. When the voltage reaches a critical value, regions of the dielectric surface will fold against itself to form a pattern of creases (Figs. 6(a) and 6(c)). 71 As the voltage increases, the pattern of creases coarsens by increasing their sizes (i.e., length and width) and decreasing their density (i.e., number of creases per area). As the voltage further rises, the center regions of some creases strikingly open, and a pattern of coexistent creases and craters form in the soft-dielectric film. All creases eventually deform into craters with further increase of the voltage (Figs. 6(a) and 6(c) ). The electro-creasing to cratering instability induces inhomogeneous deformation and nonuniform electric fields in the soft dielectric ( Fig. 6(a) ).
Experimental method
Since soft dielectrics usually breakdown electrically right after the onset of the electro-creasing instability, experimental observation of the instability has been challenging. Wang et al. recently invented an experimental method that enables direct observation of the electro-creasing to cratering instability. 49, 71 The new method combined a transparent liquid electrode (e.g., NaCl solution) above the soft dielectric (e.g., silicone elastomer) and a rigid dielectric substrate (e.g., Teflon) that bonds the soft dielectric with a metal electrode as demonstrated in Fig. 6(b) . The transparent liquid electrode can deform conformally with the soft dielectric and also enables the observation of the soft-dielectric surface from an optical microscope lens above it (Fig. 6(b) ). On the other hand, the rigid dielectric substrate prevents the electric field in the deformed polymer from becoming excessively high to avoid electrical breakdown. Since the electric field in softdielectric film is uniform in regions far away from creases and craters, this uniform electric field is defined as the applied electric field on the soft dielectric, i.e.,
where H s and e s are the thickness and permittivity of the rigid substrate, respectively. Once the applied electric field reaches a critical value E 3c (orẼ 3c ), the electro-creasing instability will set in. 49, 71 As the applied electric field further increases, the electro-creasing instability can transit to the electro-cratering instability.
Theoretical analysis
Prior to the electro-creasing instability, the incompressible soft-dielectric film is undeformed on the rigid substrate. Since the top surface of the soft-dielectric film is traction free, the true stresses in the film can be calculated from Eq. (25) as
From Eq. (32), it can be seen that the soft-dielectric film is under in-plane compressive stress induced by the applied electric field. When the electric field reaches a critical value E 3c (orẼ 3c ), creases set in the soft dielectric.
Creasing instability is distinctly different from wrinkling instability. 117, 118 Regardless of the size of a crease, material around the crease tip undergoes finite deformation. 117, 119 Therefore, the linear-stability methods discussed in Sec. II C and other references [120] [121] [122] [123] are not applicable to the analysis of electro-creasing instability, because these methods assume small deformation.
117,119,124,125 Instead, Wang et al. adopted the Maxwell stability criterion to predict the onset of the electro-creasing instability by comparing the Gibbs free energy of the soft-dielectric system at the flat and creased states. 49, 71, 119 The Gibbs free energy in a unit thickness of a region in the soft dielectric (Fig. 6(d) ) can be expressed as
where A and S are the area and contour of the region. The first term of Eq. (33) gives the elastic energy of the neoHookean material, and the second and third terms give the electrostatic potential energy of the region. When the film is in a flat state, the elastic energy is zero and the Gibbs free energy per unit thickness can be calculated as P f lat ¼ ÀAeE 2 3 =2, where E 3 is the applied electric field given by Eq. (31) . To calculate the Gibbs free energy at the creased state, a downward displacement L is prescribed on a line on the top surface of the region to form a crease (Fig. 6(d)) . 126 At the creased state, the deformation and electric field are non-uniform in the region, and the Gibbs free FIG. 6 . Mode II, electro-creasing to cratering instability in one-side-constrained soft-dielectric films: (a) schematics of the electro-creasing to cratering instability, (b) experimental setup for observation of the instability, (c) optical microscopic images of the process of deformation and instability, and (d) and (e) theoretical prediction of the onset of the electro-creasing. The counters in (d) represent electrical potential in the soft dielectric at the flat and creased states. The difference of Gibbs free energy of the two states, DP, is plotted as a function of the applied electric field, E 3 , in (e). Once the difference reaches zero, the electro-creasing instability sets in. Reprinted with permission from Wang et al., Phys. Rev. Lett. 106, 118301 (2011). Copyright 2011 American Physical Society. 71 energy of the creased state P crease needs to be calculated with numerical methods, such as finite element method. 49, 71, 127 The size of the calculation domain is set to be much larger than the size of the crease so that L is the only length scale relevant in comparing the potential energies in the flat and creased states. Therefore, dimensional consideration determines that the Gibbs free energy difference has a form 49,71,119
where E 3 is the applied (homogeneous) electric field far away from the crease. As the applied field reaches a critical value E 3c , the Gibbs free energy difference becomes 0 and the electro-creasing instability sets in. As shown in Fig. 6(e) , the theoretical calculation gives E 3c % 1:03 ffiffiffiffiffiffiffi l=e p , which is slightly lower than the critical true electric field for pull-in instability. As the applied electric field further increases, the transition from electro-creasing to electro-cratering can be simulated by numerical models.
127,128

C. Mode III: Electro-cavitation instability
In many capacitors and insulating cables, both surfaces of soft dielectric films are constrained by thick and rigid electrodes. Ideally, the mechanical constraints should prevent any deformation of the soft dielectric films. However, defects such as air bubbles, water drops, and impurities can be trapped in soft dielectrics during manufacturing and processing of the dielectrics. These defects can deform and become unstable under applied voltages, leading to inhomogeneous deformation in dielectrics around the defects. 72, 129 Finis and Claudi 129 and Wang et al. 72 observed that defects such as air bubbles and water drops can significantly reduce the measured breakdown electric fields of soft dielectrics including silicone rubbers and gels. In addition, Wang et al. observed and analyzed the deformation and instability of water drops trapped in soft dielectric films with both surfaces mechanically constrained ( Fig. 7(a) ). 72 As the applied electric field increases, a spherical drop in the constrained soft-dielectric film gradually deforms into a spheroid. When the electric field reaches a critical value, the drop suddenly becomes unstable and forms sharp tips on its apexes, giving the electro-cavitation instability. 72 As the electric field is further ramped up, the sharp tips open up and eventually deform into the shape of a long tube in the dielectric (Fig. 7(c) ).
Experimental method
Since the electro-cavitation instability subsequently leads to electrical breakdown of soft dielectrics, observation of the instability requires prevention or significant delay of electrical breakdown. Wang et al. invented a method to use transparent rigid dielectric substrates to prevent electrical breakdown of soft dielectrics, which makes direct observation of the electro-cavitation instability possible. 72 They fabricated a layer of a soft dielectric (e.g., silicone rubber) that traps single or multiple drops of a conductive solution (e.g., NaCl). The radius of the drop was set to be much smaller than the thickness of the soft dielectric. They then sandwiched the soft dielectric between two rigid transparent dielectric films (e.g., Teflon) coated with transparent electrodes (e.g., gold thin films) (Fig. 7(b) ). The rigid films suppress overall deformation (i.e., thinning) and electric breakdown of the soft dielectric. As a voltage is applied between the electrodes, the electric field far away from the drop is uniform and is regarded as the applied electric field E 3 (orẼ 3 ), FIG. 7 . Mode III, electro-cavitation instability in two-side-constrained softdielectric films with defects: (a) schematics of the deformation and electrocavitation instability, (b) experimental setup for observation of the deformation and instability, (c) optical microscopic images of the process of deformation and instability, and (d) and (e) theoretical prediction of the onset of the electro-cavitation. The counters and arrows in (a) represent the magnitude and directions of the electric field in the soft dielectric. The counters in (d) represent electrical potential in the soft dielectric at the flat and sharp-tip states. The difference of Gibbs free energy of the two states, DP, is plotted as a function of the electric field at the apex of the drop, E apex , in (e). Once the difference reaches zero, the electro-cavitation instability sets in. Reprinted with permission from Wang et al., Nat. Commun. 3, 1157 (2012). Copyright 2012 Nature Publishing Group. 72 which can be calculated with Eq. (31) with H s as the total thickness of the two insulating films. In this way, the deformation and instability of the drops can be observed using optical microscope lenses in directions along and normal to the applied electric field (Fig. 7(b) ).
Theoretical analysis
The electric field in the soft dielectric around the conductive drop is inhomogeneous (Fig. 7(a) ). Along the applied electric field, the two apexes of the drop have the highest field E apex ¼ 3E 3 , 59 where E 3 is the applied field calculated by Eq. (31) . From Eq. (25), the true stress in the soft dielectric at the apexes of the drop can be expressed as
where the hydrostatic pressure in the water drop, which is equal to Àr 3 , is assumed to be zero. Therefore, the magnified electric field at the apexes of the drop E apex induces inplane compressive stresses. The stresses gradually deform the drop into a spheroid shape (Figs. 7(a) and 7(c)). The local electric field at the apex of the conductive spheroid is further magnified and can be calculated as [130] [131] [132] 
where b and a are the long and short axes of the spheroid drop. The experiment of Wang et al. shows that b=a % 1:33 right before the formation of the tip and therefore E apex % 3:83E 3 from Eq. (36) . To calculate the critical electric field for formation of the sharp tip, an axisymmetric finite-element model of the soft dielectric at the apex of the drop is constructed (Fig. 7(d) ). 72 Since the size of the tip at initiation is much smaller than the radius of curvature of the apex, the apex can be regarded as a flat surface under an electric field E apex . The surface is also under a biaxial stretch of 1.13 to account for the deformation of the drop. 72 Using the finite-element model, the Gibbs free energies of the soft dielectric at flat and sharp-tip states can be compared as a function of E apex . When the free energy difference reaches zero, the sharp tip forms. We find that the critical E apex for a sharp tip to form is 2:11 ffiffiffiffiffiffiffi l=e p
. Considering E apex % 3:83E, the critical applied electric field for the electro-cavitation instability can be calculated to be E 3c % 0:55 ffiffiffiffiffiffiffi l=e p , which is much lower than the critical fields for pull-in and electrocreasing instabilities (Table IV) .
In addition, if multiple drops close to one another coexist in a soft dielectric film, the electric field between them can be enhanced much higher than the value predicted by Eq. (36) . As a result, the critical electric field for electrocavitation instability in soft dielectrics with multiple drops may be significantly lower than that for a single drop in the same soft dielectric. 72 
V. SUPPRESSING ELECTROMECHANICAL INSTABILITIES
A. Enhancing actuation strain by suppressing pull-in instability
As discussed in Sec. IV A, soft dielectric films coated with compliant electrodes thin down under applied voltages, an actuation mechanism that has been widely used by various types of soft-dielectric actuators. However, the pull-in instability occurs in neo-Hookean ideal dielectrics at an area actuation strain $40% (i.e., k 3c % 0:63), which can subsequently lead to electrical breakdown. The breakdown voltage of the soft-dielectric film can be expressed as
where E B is the breakdown true electric field of the dielectric. Assuming E B to be a constant, the breakdown voltage can be plotted as a linear function of k 3 as shown in Fig.  8(b) . If the curve of U vs. k 3 for a soft dielectric reaches the region above the line of U B vs. k 3 , electrical breakdown occurs in the dielectric. Once the pull-in instability occurs in a neo-Hookean ideal dielectric, the dielectric film thins down drastically at a critical voltage, and crosses the line of U B vs. k 3 , resulting in electrical breakdown (Fig. 8(b) ). • To be explored
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From Fig. 8(b) , it is evident that the pull-in instability indeed limits the area actuation strain of neo-Hookean ideal dielectrics to $40%. In order to increase the actuation strain to higher values (e.g., 100%), one needs to suppress or significantly delay the occurrence of pull-in instability in soft dielectrics. In development of dielectric-elastomer actuators, two methods have been widely used to suppress or delay the pull-in instability for enhancing actuation strains.
Soft dielectrics with stiffening properties to suppress pull-in instability
When the elastic stress in an unconstrained neoHookean ideal-dielectric film cannot resist the Maxwell stress from the electric field, the pull-in instability occurs in the film. Neo-Hookean elastomers assume that their polymer chains have infinite number of effective monomers (or Kuhn segments), [133] [134] [135] so that the end-to-end distance of stretched polymer chains is much smaller than the extension limit of the chains. Therefore, neo-Hookean elastomers do not stiffen under very large deformation. On the other hand, since real elastomers generally have a finite number of effective monomers, they can stiffen significantly when the end-to-end distance of stretched polymer chains approaches their extension limit ( Fig. 8(a) ). If a soft dielectric stiffens sufficiently before its area actuation strain reaches $40%, the pull-in instability can be potentially suppressed. While many hyperelastic models can account for the stiffening effect of elastomers, 136 the Gent model is used here as an example. The nominal Helmholtz free energy density of Gent elastomer can be expressed as FIG. 8 . Prevention and delay of the pull-in instability can increase actuation strains of unconstrained soft-dielectric films: (a) schematics of the method to use stiffening polymers to prevent the pull-in instability, and (b) the actuation stretch, k 3 , of non-stiffening neo-Hookean polymer and stiffening polymer as functions of the applied voltage, U. Polymers with sufficiently stiffening properties can prevent the pull-in instability to enhance actuation strain. (c) Schematics of the method to use mechanical pre-stretches to delay the pull-in instability, (d) the actuation stretch, k 1 =k 1p , of pre-stretched neo-Hookean polymer as functions of the applied voltage, U, and (e) the critical stretch for pull-in instability, k 2c =k 2p , as functions of pre-stretch, s 1 . Mechanical pre-stretches can significantly delay the pull-in instability to enhance actuation strain.
where J m > 0 is a non-dimensional parameter that characterizes the extension limit of polymer chains. When J m approaches infinite, Eq. (38) recovers the neo-Hookean model. By adding the free energy of polarization, the nominal Helmholtz free energy density of an ideal dielectric film that follows the Gent model can be expressed as
By substituting Eq. (39) into Eq. (21), the nominal stress and nominal electric field can be calculated as
With s 3 ¼ 0, we can obtain the relation between the applied voltage and the deformation as
Furthermore, the Hessian matrix can be calculated as 
Based on Eqs. (41) and (42), we can calculate that the relation ofẼ 3 vs. k 3 will be monotonic and det H > 0 for all admissible values of k 3 , when the stiffening parameter J m is less than 7.34. Therefore, soft dielectrics that stiffen sufficiently under deformation can indeed prevent the pull-in instability (e.g., J m ¼ 3.76 in Fig. 8(b) ). Along with the development of theories for preventing pull-in instability, 7, 68, 137, 138 various types of dielectric elastomers with stiffening properties have been fabricated to prevent the pull-in instability and enhance actuation strain. [139] [140] [141] [142] [143] For example, in order to control the stiffening properties of soft dielectrics, Ha et al. interpenetrated two polymer networks, 139, 141 Shankar et al. used nanostructured polymers, 140 and Jang et al. synthesized dielectric elastomers based on triblock copolymers. 143 As a result, area actuation strains over 300% have been achieved, significantly higher than the critical strain of pull-in instability.
Mechanical pre-stretches to delay pull-in instability
Besides elastomers with steep stiffening properties, mechanical pre-stretches on soft dielectrics have also been used to delay the pull-in instability and enhance actuation strains. The pre-stretches can be applied on soft-dielectric films in different ways, such as uniaxially stretching a strip, biaxially stretching a circular piece, or blowing a balloon of soft dielectrics. 17, 76, 139, 144 Without loss of generality, let us consider a soft-dielectric film under two in-plane nominal pre-stresses, s 1 and s 2 , respectively ( Fig.  8(c) ). The pre-stresses deform the soft-dielectric film by stretches of k 1p and k 2p along two in-plane directions. An applied voltage further deforms the soft-dielectric film to stretches of k 1 and k 2 ( Fig. 8(c) ). The actuation stretches in the two in-plane directions can be defined as k 1 =k 1p and k 2 =k 2p , respectively. Assuming the soft dielectric follows incompressible neo-Hookean ideal-dielectric law, we can express its nominal Helmholtz free energy density as
Substituting Eq. (43) into Eq. (21), we have
The Hessian matrix becomes 
In the special case when the elastomer is under equi-biaxial stresses (i.e., s 1 ¼ s 2 and thus k 1 ¼ k 2 ), Eq. (44) gives
In Fig. 8(d) , we plot the actuation stretch k 1 =k 1p as a function of applied voltage for various levels of equi-biaxial stresses. The critical points for the pull-instability by solving Eq. (45) are also indicated on the curves. From Fig. 8(d) , it can be seen that the equi-biaxial stresses indeed delay the critical actuation stretch for pull-in from $1.26 to $1.5. The critical actuation stretches for various unequal biaxial stresses are further summarized in Fig. 8(e) . It can be seen that uniaxial pre-stress in one direction (e.g., s 1 ) can greatly enhance the critical actuation stretch in the other direction (e.g., k 2 =k 2p ).
Pelrine et al. first demonstrated that dielectric elastomers can achieve actuation strains over 100%, by uniaxially or biaxially pre-stretching elastomer films such as silicone rubber and VHB prior to actuation. 17 Thereafter, various experimental and theoretical studies were carried out to investigate the effects of pre-stretches on enhancing actuation strains in various types of dielectric-elastomer actuators including ring actuator, 108, 145 spring-roll actuator, 24, 146 balloon actuator, 76, 147, 148 folded actuator, 149 helical actuator,
In addition, since mechanical pre-stretches on elastomers can tune the degree of their stiffening, a combination of the use of stiffening elastomers and pre-stretches is particularly effective in suppressing or delaying the pull-in instability. 68, 137 In fact, many existing dielectric-elastomer actuators rely on a combination of both methods to achieve large actuation strains. Moreover, charge-controlled operation has been recently explored to suppress the pull-in instability in electrode-free dielectric elastomers, since the deposited charges cannot freely redistribute. [73] [74] [75] B. Enhancing electrical energy density by suppressing all modes of instabilities Electrical energy density is a critical performance parameter for dielectric capacitors and insulators. The maximum electrical energy density for an ideal dielectric can be expressed as
where E B is the breakdown true electric field of the dielectric. If the electrical breakdown is caused by pull-in, electrocreasing, or electro-cavitation instability, the maximum energy density can be calculated as
where the non-dimensional parameter Z % 0:61 for pull-in, 0:53 for electro-creasing, and 0.15 for electro-cavitation instability (Table IV) . Since the moduli of soft dielectrics are generally less than 1 MPa, their maximum electrical energy density, if limited by the instabilities, usually cannot exceeds 1 J cm
À3
. In order to significantly enhance electrical energy density of soft dielectrics, all modes of electromechanical instabilities that cause breakdown need to be suppressed. 9, 11, 48, [155] [156] [157] Zhang et al. tested the breakdown fields and energy densities of soft dielectrics subject to different types of mechanical constraints by using either carbon grease or carbon epoxy as electrodes. 48 The carbon grease deforms freely with the dielectric, while a thick layer of carbon epoxy can mechanically constrain the surface of the film. Three types of mechanical constraints were employed: unconstrained (Fig. 4(a) ), one-side-constrained (Fig. 4(b) ), and two-side-constrained (Fig. 4(c) ). As expected, the breakdown fields for unconstrained and one-side-constrained films are significantly lower than that of two-sideconstrained film (Fig. 9(a) ). The results proved that proper mechanical constraints can suppress the pull-in and electrocreasing instabilities and, therefore, greatly enhance breakdown fields and electrical energy densities of soft dielectrics.
In addition, Wang et al. measured the breakdown fields of two-side-constrained soft-dielectric films that encapsulate water drops and air bubbles. 72 Despite the mechanical constraints, defects can significantly reduce breakdown fields of soft dielectrics, potentially due to the electro-cavitation instability ( Fig. 9(b) ). Based on these studies, we can see that a simple yet effective method for enhancing electrical energy densities of soft dielectrics is to suppress all modes of electromechanical instabilities by eliminating defects in the dielectrics and properly constraining the dielectrics with rigid components. 48, 72 
VI. HARNESSING ELECTROMECHANICAL INSTABILITIES FOR APPLICATIONS
Electromechanical instabilities are traditionally regarded as detrimental failure modes of soft dielectrics, and intensive efforts have been devoted to the prevention of instabilities. 9 Recent paradigm-shift discoveries in the field, however, show that transformative applications and extraordinary functions can be achieved through accurate prediction and judicious control of electromechanical instabilities in soft dielectrics. This section will summarize recent progress in harnessing large deformation and instabilities of soft dielectrics for applications and functions.
A. Harnessing pull-in instability for giant actuation strain Soft dielectric films without mechanical constraints (i.e., compliant electrodes on both surfaces) may be susceptible to pull-in instability or not, dependent on their stiffening properties. While the pull-in instability sets in neo-Hookean ideal dielectrics (i.e., no stiffening) and induces subsequent electrical breakdown (Fig. 8(b) ), soft dielectrics with sufficiently rapid stiffening properties can prevent the pull-in instability (i.e., J m < 7.34 in Fig. 8(b) ). In addition to the above two scenarios, Zhao and Suo proposed a third scenario in which the pull-in instability is harnessed to give giant actuation strain of dielectric elastomers under voltages (Fig. 10 ). 7 As illustrated in Fig. 10(a) , soft dielectrics with stiffening properties less rapid than J m of 7.34 will undergo the pull-in instability. During the instability, the soft dielectric can drastically deform to a much thinner state and stabilize due to the stiffening of the polymer. 68, 158 If the stable state is in the region below the line of U B vs. k 3 , the electrical breakdown can be avoided, despite the occurrence of pull-in instability (e.g., J m ¼ 12.4 in Fig. 10(a) ). In this way, the pull-in instability can be controlled and harnessed by using soft dielectrics with appropriate stiffening properties to achieve giant deformation of actuation (e.g., k 3 < 0.2 in Fig. 10(a) ). By harnessing the pull-in instability, Keplinger et al. 50 and Li et al.
159
achieved impressive area-actuation strain over 1600% with balloon-shape actuators of dielectric elastomers ( Fig. 10(b) ).
B. Harnessing electro-creasing to cratering instability
As discussed in Sec. IV B, in order to observe the electro-creasing instability, soft dielectric films have been FIG. 10 . By harnessing the pull-in instability, soft dielectrics can achieve giant actuation strains: (a) the actuation stretch k 3 of a properly stiffening polymer as a function of voltage, U. The polymer can survive the pull-in instability without electrical breakdown and stabilize at a thinner state to achieve giant actuation strain. (b) Experimental observation of a balloon-shape dielectric-elastomer actuator to achieve actuation strain over 1600% by harnessing the pull-in instability. Reprinted with permission from Keplinger sandwiched between complaint electrodes and rigid dielectric substrates, which prevent electrical breakdown of the soft dielectrics (Fig. 6(b) ). The same method can be employed to integrate soft dielectrics into structures and exploit the electro-creasing and electro-cratering instabilities for transformative applications.
Dynamic surface patterning
Topographical patterns on polymer surfaces are of fundamental importance in material science, physics, chemistry, and biology. While surface patterns generated with conventional methods such as imprinting and lithography are generally static, i.e., fixed in their final states, surface patterns capable of dynamic and on-demand tunability are highly desirable for various applications such as on-demand superhydrophobicity, 160 tunable adhesion, 161, 162 switchable optics, 163 controlled drug release, 164 anti-fouling coatings, 165 and transfer printing. 166 Wang et al. recently discovered that the electro-creasing and cratering instability in soft dielectrics can be harnessed to dynamically control surface patterning with voltages. 51 Large-area films of soft dielectrics (e.g., silicone elastomer) and rigid dielectrics (e.g., Kapton) and metal foils were laminated together as illustrated in Fig. 11(a) . The top surface of the soft dielectric was further coated with a complaint electrode (e.g., NaCl solution). Electrical voltages applied between the metal foil and the compliant electrode can induce electro-creasing to cratering instabilities, giving dynamic surface patterns.
In addition, the soft-dielectric films can also be uniaxially pre-stretched, prior to bonding on rigid dielectric substrates. The pre-stretch induces a tensile stress, which tends to align the creases and craters along the pre-stretched direction. Using the pre-stretch ratio k p and applied electric field E 3 as two control parameters, Wang et al. constructed a phase diagram (Fig. 11(b) ) that can predict the generation of various surface patterns including randomly oriented creases and craters, and aligned creases, craters, and lines (Fig. 11(c) ).
Moreover, since adjacent creases and craters in a softdielectric film interacts with each other over a length scale of the film thickness, the wavelength of surface patterns scales with the film thickness. The experiments of Wang et al.
show that the wavelengths for aligned and randomly oriented patterns can be expressed as l aligned % 1:0H; (49a)
Based on the phase diagram ( Fig. 11(b) ) and Eq. (49), one can design surface patterns with various shapes and feature sizes on demand by simply tuning film thickness, prestretch, and applied voltage in a controlled manner (e.g., Figs. 11(c) and 11(d) ).
Active control of biofouling
Biofouling, the accumulation of unwanted biological organisms on submerged or implanted surfaces, is a ubiquitous problem in maritime operations, medicines, food industries, and biotechnology. [167] [168] [169] Development of environmentally friendly and biocompatible surfaces that can effectively manage biofouling has been an extremely challenging task across multiple disciplines. While existing antifouling surfaces are mostly static, many biological surfaces can effectively clean themselves through active deformation and motion. [170] [171] [172] [173] [174] For example, cilia on the surfaces of respiratory tracts constantly sweep out inhaled foreign particles. [171] [172] [173] Inspired by biological surfaces that use active deformation for antifouling, Shivapooja et al. harnessed the electro-cratering instability that deforms the surface of a soft-dielectric film to detach biofouling adhered on it. 52 They bonded a soft-dielectric film (e.g., silicone rubber), a KGaA. 52 rigid dielectric film (e.g., Kapton), and a metal foil together to form a trilayer laminate (Fig. 12(a) ). The soft-dielectric surface was immersed in artificial seawater to allow biofouling such as bacterial film to accumulate on it. Thereafter, a direct-current voltage was applied on the metal foil, while the artificial seawater was grounded ( Fig. 12(a) ). When the electric field in the soft dielectric reached a critical value, the electro-cratering instability sets in, significantly deforming the surface of the soft dielectric (e.g., strain over 20% in Fig.  12(b) ). As shown in Fig. 12(c) , the deformation can detach over 95% of the bacterial film adhered on the surface. The new paradigm of harnessing surface deformation and instabilities of soft dielectrics has the potential to be implemented in various applications for effective and active control of biofouling.
VII. FUTURE DIRECTIONS
Widely used as insulators, capacitors, and transducers in daily life, soft dielectrics based on polymers and polymeric gels play important roles in modern electrified society. Compared with conventional hard dielectrics, soft dielectrics possess a unique set of merits including low cost, light weight, mechanical flexibility, fast charging rate, lowtemperature fabrication, and easy processing. The emergence of new electronic, robotic, biomedical, and electrical-energystorage technologies [175] [176] [177] [178] [179] is imposing even higher requirements on the attributes of next-generation soft dielectrics for a broad spectrum of applications. For example, it is desirable for soft dielectrics used as insulators and capacitors to have high energy density, high working temperature, and high reliability, while soft-dielectric transducers generally need to reach high actuation stress and strain, fast response, high energy density and efficiency, and high reliability. In order to achieve the unprecedented set of properties and merits, soft dielectrics with new compositions and new nano-, micro-, and meso-structures are being intensively developed and explored. Consequently, the research on large deformation and instabilities of soft dielectrics is rapidly evolving toward new directions to account for the properties and functions of new materials and structures.
A. Non-ideal dielectric properties of soft dielectrics
Most of existing models for soft dielectrics follow the ideal-dielectric law, which assumes the dielectric's polarization property is fully characterized by the dielectric constant, unaffected by applied electric field or deformation. Nextgeneration capacitors, insulators, and transducers generally require soft dielectrics to sustain high electric fields and/or large deformation, so as to achieve high energy density and/or high actuation strain. Subject to high fields and large deformation, however, the polarization of soft dielectrics can drastically deviate from the ideal-dielectric model, giving non-ideal behaviors such as electrostriction, [180] [181] [182] [183] [184] [185] [186] polarization saturation, 182, 187, 188 and leakage current. 189 While it has been shown that electrostriction and polarization saturation can delay pull-in instabilities of soft dielectrics, [182] [183] [184] [185] 187 the effects of non-ideal dielectric properties on deformation and instabilities of soft dielectrics have not been systematically understood. One future research direction in the field is to fundamentally understand and judiciously control (e.g., prevent or harness) the non-ideal dielectric properties of soft dielectrics.
B. Viscoelasticity of soft dielectrics
Soft dielectrics are usually taken as elastic or hyperelastic materials in existing studies. However, subjected to electrical and/or mechanical loads, many elastomer-based soft dielectrics indeed undergo time-dependent viscoelastic deformation, 128, [190] [191] [192] [193] [194] [195] which needs to be characterized by non-equilibrium thermodynamic models. 193 While it has been shown that viscoelasticity of soft dielectrics can delay the occurrence of pull-in instability, the effects of viscoelasticity on electro-creasing, electro-cratering, and electrocavitation instabilities have not been explored. 93, [142] [143] [144] [145] In addition, although the viscoelasticity may be used to control deformation and instabilities of soft dielectrics, its dissipative nature also reduces the energy efficiency of softdielectric transducers. 192, 193, 196 Therefore, it is an important task to understand the effects of viscoelastic properties of soft dielectrics on their deformation, instabilities, and other performance in various applications.
C. Fracture and fatigue of soft dielectrics
Electric fields and mechanical forces applied on soft dielectrics can lead to fracture and fatigue of the dielectrics. 71, 72 As failure modes that are distinctly different from instabilities and breakdown, fracture and fatigue have been extensively studied in hard dielectrics such as piezoelectric ceramics and rigid polymers. 97, 197 Wang et al. recently observed crack propagation in soft dielectrics undergoing the electro-cratering and electro-cavitation instabilities. 71, 72 However, fracture and fatigue of soft dielectrics, which are usually coupled with large deformation and instabilities, have not been quantitatively explored or understood. Such an understanding will have significant impacts on both fundamental knowledge of physics and mechanics and longterm reliability of soft dielectrics.
D. Soft-dielectric composites
In order to achieve novel properties and functions, new types of soft dielectrics are being intensively developed by integrating multiple components together to form composites. Examples include interpenetration of polymer networks, 139, 141, 198 polymer blends, [199] [200] [201] [202] [203] incorporation of high-permittivity particles 200, [204] [205] [206] [207] [208] [209] [210] [211] [212] [213] or cavities, 72,214 layered structures, 71, [215] [216] [217] [218] [219] [220] [221] and fiber reinforcement. [222] [223] [224] The nano-, micro-, and meso-structures of soft-dielectric composites can be rationally designed and fabricated for certain desirable properties such as high dielectric constants or high energy density. On the other hand, such designed structures may lead to unexpected modes of deformation and instabilities of soft-dielectric composites under voltages. A systematic understanding on the relations between the structures and deformation and instabilities of soft-dielectric composites is of imminent importance to their design and applications but still not available.
E. Computational models of soft dielectrics
Computational models are of critical importance to the understanding of deformation and instabilities of soft dielectrics and the design of soft-dielectric devices. Most of existing computational models of soft dielectrics are based on finite element method, 76, 108, 109, 145, [225] [226] [227] [228] [229] [230] which is able to calculate the coupled electromechanical fields and large deformation of soft dielectrics. Some of the computational models can also simulate time-dependent behaviors such as viscoelastic deformation 128, 231 and dynamic response 76, 200, [232] [233] [234] [235] [236] of soft dielectrics. On the other hand, most of existing computational models assume that the soft dielectrics follow the ideal dielectric law and, therefore, cannot account for non-ideal dielectric properties such as electrostriction and polarization saturation. In addition, the capabilities of calculating instabilities, fracture, fatigue, and singular electromechanical fields still need to be implemented or significantly improved in existing computational models. For example, it is still challenging to accurately simulate the electro-creasing to cratering and electro-cavitation instabilities in soft dielectrics, not to mention crack initiation and propagation during the instabilities. The development of versatile and robust computational models that can accurately characterize various emerging properties of soft dielectrics and simulate various important phenomena will greatly facilitate the fundamental understanding and practical applications of soft dielectrics. 
